We study in this paper the parallel spin current in an antiferromagnetic semiconductor thin film where we take into account the interaction between itinerant spins and lattice spins. The spin model is an anisotropic Heisenberg model. We use here the Boltzmann's equation with numerical data on cluster distribution obtained by Monte Carlo simulations and cluster-construction algorithms. We study the cases of degenerate and non-degenerate semiconductors. The spin resistivity in both cases is shown to depend on the temperature with a broad maximum at the transition temperature of the lattice spin system. The shape of the maximum depends on the spin anisotropy and on the magnetic field. It shows however no sharp peak in contrast to ferromagnetic materials. Our method is applied to MnTe. Comparison to experimental data is given.
I. INTRODUCTION
The behavior of the spin resistivity ρ as a function of temperature (T ) has been shown and theoretically explained by many authors during the last 50 years. Among the ingredients which govern the properties of ρ, we can mention the scattering of the itinerant spins by the lattice magnons suggested by Kasuya 1 , the diffusion due to impurities 2 , and the spin-spin correlation. [3] [4] [5] First-principles analysis of spin-disorder resistivity of Fe and Ni has been also recently performed.
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Experiments have been performed on many magnetic materials ranging from metals to semiconductors. These results show that the behavior of the spin resistivity depends on the material : some of them show a large peak of ρ at the magnetic transition temperature T C , 7 others show only a change of slope of ρ giving rise to a peak of the differential resistivity dρ/dT . 8, 9 Very recent experiments such as those performed on ferromagne- forms of anomaly of the magnetic resistivity at the magnetic phase transition temperature.
The magnetic resistivity due to the scattering of itinerant spins by localized lattice spins is proportional to the spin-spin correlation as proposed long-time ago by De Gennes and have showed that in magnetic diluted semiconductors the shape of the resistivity versus T depends on the interaction between the itinerant spins and localized magnetic impurities which is characterized by a Anderson localization length ζ. Expressing physical quantities in terms of ζ around impurities, they calculated ρ and showed that its peak height depends indeed on this localization length.
In our previous work [17] [18] [19] we have studied the spin current in ferromagnetic thin films.
The behavior of the spin resistivity as a function of T has been shown and explained as an effect of magnetic domains formed in the proximity of the phase transition point. This new concept has an advantage over the use of the spin-spin correlation since the distribution of clusters is more easily calculated using Monte Carlo simulations. Although the formation of spin clusters and their sizes are a consequence of spin-spin correlation, the direct access in numerical calculations to the structure of clusters allows us to study complicated systems such as thin films, systems with impurities, systems with high degree of instability etc. On the other hand, the correlation functions are very difficult to calculate. Moreover, as will be shown in this paper, the correlation function cannot be used to explain the behavior of the spin resistivity in antiferromagnets where very few theoretical investigations have been carried out. One of these is the work by Suezaki and Mori 20 which simply predicted that the behavior of the spin resistivity in antiferromagnets is that in ferromagnets if the correlation is short-ranged. It means that correlation should be limited to "selected nearestneighbors". Such an explanation is obviously not satisfactory in particular when the sign of the correlation function between antiparallel spin pairs are taken into account. In a work with a model suitable for magnetic semiconductors, Haas has shown that the resistivity ρ in antiferromagnets is quite different from that of ferromagnets. 21 In particular, he found that while ferromagnets show a peak of ρ at the magnetic transition of the lattice spins, antiferromagnets do not have such a peak. We will demonstrate that all these effects can be interpreted in terms of clusters used in our model.
In this paper, we introduce a simple model which takes into account the interaction between itinerant spins and localized lattice spins. This is similar to the s − d model 21 . The lattice spins interact with each other via antiferromagnetic interactions. The model will be studied here by a combination of Monte Carlo simulation and the Boltzmann's equation.
As will be discussed below, such a model corresponds to antiferromagnetic semiconductors such as MnTe. An application is made for this compound in the present work.
The paper is organized as follows. In section II, we show and discuss our general model and its application to the antiferromagnetic case using the Boltzmann's equation formulated in terms of clusters. We also describe here our Monte Carlo simulations to obtain the distributions of sizes and number of clusters as functions of T which will be used to solve the Boltzmann's equation. Results on the effects of Ising-like anisotropy and magnetic field as well as an application to the case of MnTe is shown in section III. Concluding remarks are given in section IV.
II. THEORY
Let us recall briefly principal theoretical models for magnetic resistivity ρ. In magnetic systems, de Gennes and Friedel 3 have suggested that the magnetic resistivity is proportional to the spin-spin correlation. As a consequence, in ferromagnetically ordered systems, ρ shows a divergence at the transition temperature T C , similar to the susceptibility. However, in order to explain the finite cusp of ρ experimentally observed in some experiments, Fisher 
where J( r − R n ) is the exchange interaction between an itinerant spin s at r and the lattice spin S n at the lattice site R n . In practice, the sum on lattice spins S n should be limited at some cut-off distance as will be discussed later. Haas supposed that V is weak enough to be considered as a perturbation to the lattice Hamiltonian given by Eq. (15) 
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A. Boltzmann's equation
In the case of Ising spins in a ferromagnet that we studied before 19 , we have made a theory based on the cluster structure of the lattice spins. The cluster distribution was incorporated in the Boltzmann's equation. The number of clusters η and their sizes ξ have been numerically determined using the Hoshen-Kopelmann's algorithm (section II B). 27 We work in diffusive regime with approximation of parabolic band and in an s − d model. We consider in this paper that in our range of temperature the Hall resistivity is constant (constant density). To work with the Born approximation we consider a weak potential of interaction between clusters of spin and conduction electrons. We suppose that the life's time of clusters is larger than the relaxation time. As in our previous paper 19 we use in this paper the expression of relaxation time obtained from the Boltzmann's equation in the following manner. We first write the Boltzmann's equation for f , the distribution function of itinerant electrons, in a uniform electric field E
where f 0 is the equilibrium Fermi-Dirac function, k the wave vector, e and m the electronic charge and mass, ǫ the electron energy. We next use the following relaxation-time
where τ k is the relaxation time. Supposing elastic collisions, i. e. k = k ′ , and using the detailed balance we have
where Ω is the system volume, w k ′ ,k the transition probability between k and k ′ . We find with Eq. (3) and Eq. (4) the following well-known expression
where θ and φ are the angles formed by k ′ with k, i. e. spherical coordinates with z axis parallel to k.
We use now in Eq. (5) the "Fermi golden rule" for ω k,k ′ and we obtain
where J(r) is the exchange integral between an itinerant spin and a lattice spin which is given in the scattering potential, Eq. (1). One has
Note that for simplicity we have supposed here that the interaction potential J(r) depends only on the relative distance r ′ = | r − R n |, not on the direction of r − R n . We suppose in the following a potential which exponentially decays with distance
where V 0 expresses the magnitude of the interaction and ξ the averaged cluster size. After some algebra, we arrive at the following relaxation time
where k f is the Fermi wave vector. As noted by Haas 21 , the mobility is inversely proportional to the susceptibility χ. So, in examining our expression and in using the following expression 28 where η(ξ) is the number of clusters of size ξ, one sees that the first term of the relaxation time is proportional to the susceptibility. The other two terms are the corrections.
The mobility in the x direction is defined by
We resolve the mobility µ x explicitly in the following two cases -Degenerate semiconductors
where
. We arrive at the following mobility
The resistivity is then
We can check that the right-hand side has the dimension of a resistivity :
-Non-degenerate semiconductors
One has in this case f
where D = η4V 
where S i is the Heisenberg spin at the site i, i,j is performed over all nearest-neighbor (NN) spin pairs. We assume here that all interactions including those at the two surfaces are identical for simplicity : J is positive (antiferromagnetic), and A an Ising-like anisotropy which is a positive constant. When A is zero, one has the isotropic Heisenberg model and when A → ∞, one has the Ising model. The classical Heisenberg spin model is continuous, so it allows the domain walls to be less abrupt and therefore softens the behavior of the magnetic resistance. Note that for clarity of illustration, in this section (II.B) we suppose only NN interaction J. In the application to MnTe shown in section III.C, the exchange integral is distance-dependent and we shall take into account up to the third NN interaction.
Hereafter, the temperature is expressed in unit of J/k B , k B being the Boltzmann's constant. A is given in unit of J. The resistivity ρ is shown in atomic units. Note that we can define a cluster distribution by each value of S z . We can therefore distinguish the amplitude of scattering : as seen below scattering is stronger for cluster with larger S z . We have used the above procedure to count the number of clusters in our simulation of an antiferromagnetic thin film. We show in Fig. 3 Lines are guides to the eye.
III. RESULTS

A. Effect of Ising-like Anisotropy
At this stage, it is worth to return to examine some fundamental effects of V 0 and A. It is necessary to know acceptable values of V 0 imposed by the Born's approximation. To do Lines are guides to the eye.
this we must calculate the resistivity with the second order Born's approximation.
we find, with D = η32πΩm
The first term is due to the first order of Born's approximation and the second and third terms to corrections from the second order. We plot ρ(Born2)/ρ(Born1) versus T in Fig. 5 for different values of V 0 , ρ(Born1) and ρ(Born2) being respectively the resistivities calculated at the first and second order. We note that the larger this ratio is, the more important the corrections due to the second-order become. From Fig. 5 , several remarks are in order :
-The first order of Born's approximation is valid for small values of V 0 as seen in the case V 0 = 0.01 corresponding to a few meV. In this case the resistivity does not depend on T . This is understandable because with such a weak coupling to the lattice, itinerant spins do not feel the effect of the lattice spin disordering.
-In the case of strong V 0 such as V 0 = 0.05, the second-order approximation should be used. Interesting enough, the resistivity is strongly affected by T with a peak corresponding to the phase transition temperature of the lattice. We examine now the effect A. Figure 6 shows the variation of the sublattice magnetization and of T N with anisotropy A. We have obtained respectively for A = 0.01, A = 1, A = 1.5 and pure Ising case the following critical temperatures T N ≃ 2.3, 4.6, 5.6 and 6.0.
Note that the pure Ising case has been simulated with the pure Ising Hamiltonian, not with Eq. (15) (we cannot use A = ∞). We can easily understand that not only the spin resistivity will follow this variation of T N but also the change of A will fundamentally alter the resistivity behavior as will be seen below. show no peak at all 31, 32 . These results are in agreement with the tendency observed here for increasing A.
B. Effect of Magnetic Field
We apply now a magnetic field perpendicularly to the electric field. To see the effect of the magnetic field it suffices to replace the distribution function by
From this, we obtain the following equations for the contributions of up and down spins 
where S z is the domain-wall spin (scattering centers) and V 0 is the coefficient of the exchange integral between an itinerant spin and a lattice spin [see Eq. (8)].
Figures 9 and 10 show the resistivity for several magnetic fields. We observe a split in the resistivity for up and down spins which is larger for stronger field. Also, we see that the minority spins shows a smaller resistivity due to their smaller number. The reason is similar to the effect of A mentioned above and can be understood by examining Fig. 11 where we show the evolution of the number and the average size of clusters with the temperature in a magnetic field. By comparing with the zero-field results shown in Figs. 3 and 4 , we can see that while the number of clusters does not change with the applied field, the size of clusters is significantly bigger. It is easy to understand this situation : when we apply a magnetic field, the spins want to align themselves to the field so the up-spin domains become larger, critical fluctuations are at least partially suppressed, the transition is softened. 
C. Application to MnTe
We have chosen a presentation of the general model which can be applied to degenerate and non-degenerate semiconductors and semi metals. The application to hexagonal MnTe is made below with the formulae of both degenerate and non-degenerate cases, for comparison.
Hexagonal MnTe has a big gap (1.27 eV), but it is an indirect gap. So, thermal excitations of electrons to the conduction band may not need to cross the gap channel. This may justify the use of the degenerate formulae. In the degenerate case, k f depends only on the carrier concentration n via the known formula : k f = (3π 2 n) 1/3 . We use for MnTe n = 2 ×10 22 cm pure intrinsic semiconductors, k f is in the gap and its position is given by the law of mass action using parabolic band approximation. In doped cases, band tails created by doped impurities can cover more or less the gap. But this system, which is disordered by doping,
is not a purpose of our present study.
In semiconductors valence electrons can go from the valence band to the conduction band more and more as the temperature increases. Therefore, the carrier concentration is a function of T . Our model has a number of itinerant spins which is independent of T in each simulation. However in each simulation, we can take another concentration (see Ref. 19) :
the results show that the resistivity is not strongly modified, one still has the same feature, except that the stronger the concentration is the smaller the peak at T C becomes if and only if interaction between itinerant spins is taken into account. Therefore, we believe that generic effects independent of carrier concentration will remain. Of course, the correct way is to use a formula to generate the carrier concentration as a function of T and to make the simulation with the temperature-dependent concentration taking account additional scattering due to interaction between itinerant spins. Unfortunately, to obtain that formula we have to use several approximations which involve more parameters. We will try this in a future work.
In the case of Cd 1−x Mn x Te, the question of the crystal structure, depending on the doping concentration x remains open. Cd 1−x Mn x Te can have one of the following structures, the so-called NiAs structure or the zinc-blend one, or a mixed phase.
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The pure MnTe crystallizes in either the zinc-blend structure 37 or the hexagonal NiAs one 38 (see Fig. 12 ). MnTe is a well-studied p-type semiconductor with numerous applications due to its high Néel temperature. We are interested here in the case of hexagonal structure.
For this case, the Néel temperature is T N = 310 K 38 . We have calculated the cluster distribution for the hexagonal MnTe using the exchange integrals taken from Ref. 38 and the other crystal parameters taken from the literature [39] [40] [41] .
The result is shown in Fig. 13 . The spin resistivity in MnTe obtained with our theoretical model is presented in Fig. 14 for a density of itinerant spins corresponding to n = 2 × 10 Several remarks are in order :
i) the peak temperature of our theoretical model is found at 310 K corresponding the the rise to an increase of the spin resistivity with decreasing T . There are several explanations for this experimental behavior among which we can mention the fact that in semiconductors the carrier concentration increases as T increases, giving rise to an increase of the spin current, namely a decrease of the resistivity, with increasing T in the low-T region. Another origin of the increase of ρ as T → 0 is the possibility that the itinerant electrons may be frozen (crystallized) due to their interactions with localized spins and between themselves, giving rise to low mobility. On the hypothesis of frozen electrons, there is a reference on the charge-ordering at low T in Pr 0.5 Ca 0.5 MnO 3 13 due to some strain interaction. A magnetic field can make this ordering melted giving rise to a depressed resistivity. Our present model does not correspond to this compound but we believe that the concept is similar. For the system Pr 0.5 Ca 0.5 MnO 3 , which shows a commensurate charge order, the "melting" fields at low temperatures are high, on the order of 25 Tesla 13 .
iv) the existence of the peak at T N = 310 K of the theoretical spin resistivity shown in al. 16 to put in the same figure with our result for a quantitative comparison. Other data on various materials 12,13,25 also show a large peak at the magnetic transition temperature.
To close this section, let us note that it is also possible, with some precaution, to apply our model on other families of antiferromagnetic semiconductors like CeRhIn 5 and LaFeAsO.
An example of supplementary difficulties but exciting subject encountered in the latter compound is that there are two transitions in a small temperature region : a magnetic transition at 145 K and a tetragonal-orthorhombic crystallographic phase transition at 160 K. 25, 26 An application to ferromagnetic semiconductors of the n-type CdCr 2 Se 4 42 is under way.
IV. CONCLUSION
We have shown in this paper the behavior of the magnetic resistivity ρ as a function of temperature in antiferromagnetic semiconductors. The main interaction which governs the resistivity behavior is the interaction between itinerant spins and the lattice spins. Our analysis, based on the Boltzmann's equation which uses the temperature-dependent cluster distribution obtained by MC simulation. Our result is in agreement with the theory by Haas 21 : we observe a broad maximum of ρ in the temperature region of the magnetic transition without a sharp peak observed in ferromagnetic materials. We have studied the two cases, degenerate and non-degenerate semiconductors. The non-degenerate case shows a maximum which is more pronounced than that of the degenerate case. We would like to emphasize that the shape of the maximum and its existence depend on several physical parameters such as interactions between different kinds of spins, the spin model, the crystal structure etc. In this paper we applied our theoretical model in the antiferromagnetic semiconductor MnTe. We found a good agreement with experimental data near the transition region. We note however that our model using the cluster distribution cannot be applied at very low T where the spin resistivity in experiments is dominated by effects other than s − d scattering model of the present paper. One of these possible effects is the carrier proliferation with increasing temperatures in semiconductors which makes the resistivity decrease with increasing T experimentally observed in magnetic semiconductors at low T .
